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A b s t r a c t  

F luorescence l i g h t  i s  used i n  spec t roscop ic  exper iments on s t o r e d  i o n s .  We d iscuss  a p p l i c a t i o n s  i n  (1) 
h i g h  r e s o l u t i o n  microwave and r f / o p t i c a l  double resonance spect roscopy,  (2) s i n g l e  i o n  d e t e c t i o n ,  (3) mass 
spect roscopy and (4) s t u d i e s  o f  s t o r e d  i o n  c louds  which e x h i b i t  p r o p e r t i e s  o f  s t r o n g l y  coup led  plasmas. 

The s t o r e d  i o n  method 

I o n s  can be c o n f i n e d  f o r  l o n g  p e r i o d s  (as l o n g  as days) under u l t r a h i g h  vacuum c o n d i t i o n s  i n  i o n  
" t r a p s "  u s i n g  e l e c t r i c  and magnet ic  f i e l d s .  T h i s  t r a p p i n g  can be accompl ished w i t h o u t  t h e  usual  
p e r t u r b a t i o n s  a s s o c i a t e d  w i t h  conf inement  ( f o r  example t h e  p e r t u r b a t i o n s  due t o  c o l l i s i o n s  w i t h  w a l l s  o r  
b u f f e r  gases i n  a t r a d i t i o n a l  o p t i c a l  pumping exper iment . )  Trapped i o n s  a r e  t h u s  advantageous f o r  h i g h  
p r e c i s i o n  spect roscopy s i n c e  l o n g  conf inement  t imes can y i e l d  h i g h  r e s o l u t i o n  and sys temat ic  s h i f t s  i n  
observed s p e c t r a  can be q u i t e  smal 1. 

U n f o r t u n a t e l y  (and n e c e s s a r i l y ) ,  t h e r e  i s  a p r i c e  t o  be p a i d  f o r  t h i s  p r o p e r t y  o f  l o n g  s to rage t imes 
w i t h  smal l  p e r t u r b a t i o n s  - -  t h e  number o f  p a r t i c l e s  t h a t  can be s t o r e d  i s  t y p i c a l l y  smal l  (approx imate ly  
lo6 o r  l e s s  f o r  a " t r a p "  w i t h  c e n t i m e t e r  d imensions) ;  t h e  d e n s i t i e s  a r e  u l t i m a t e l y  governed by  t h e  
c o m p e t i t i o n  between space charge r e p u l s i o n  and t h e  c o n f i n i n g  e lec t romagnet ic  f o r c e s  o b t a i n e d  under normal 
l a b o r a t o r y  c o n d i t i o n s .  We remark t h a t  if we c o u l d  o b t a i n  t h e  h i g h  t r a p p i n g  f i e l d s  necessary t o  o b t a i n  
h i g h  d e n s i t i e s ,  t h e n  we would l o s e  one o f  t h e  advantages o f  t h e  techn ique because, f o r  example, S t a r k  
s h i f t s  due t o  conf inement  would cause problems i n  v e r y  h i g h  r e s o l u t i o n  work. As a consequence o f  t h e  low 
numbers o f  t rapped i o n s ,  many types  o f  exper iments may be prec luded - -  f o r  example spec t roscop ic  
exper iments on complex molecu la r  i o n s  where o n l y  a smal l  f r a c t i o n  o f  t h e  i o n s  a r e  i n  a g i v e n  s t a t e .  
However, i n  s p i t e  o f  t h e  low numbers ob ta ined,  s e n s i t i v e  techn iques  have been developed so t h a t  s i n g l e  
a tomic  i o n s  can be observed. 

Here we w i l l  d iscuss  o n l y  those exper iments u s i n g  t h e  Penning1 s t a t i c  t r a p .  The more common Paul o r  r f  
t r a p  i s  v e r y  s i m i l a r  i n  c o n s t r u c t i o n  and i s  d iscussed e lsewhere 2'3. The e l e c t r o d e  s t r u c t u r e  o f  a Penning 
t r a p  i s  shown i n  F i g u r e  1. 

6 = Bo $ (required for Penning trap) 
r 

c 

"end 

, @(r, z) = A(r2 - 2z2) 
U A =  

ro2 + 22,' 

u = u, + v, cos at 
(V, = 0 for Penning trap) 

electrode surfaces generated 
by @(r, z) = const. 

F i g u r e  1. Schematic r e p r e s e n t a t i o n  o f  Penning t r a p .  
(Vo#O f o r  Paul t r a p )  

The v o l t a g e  U i s  used t o  b i a s  t h e  "endcaps" so t h a t  a harmonic e l e c t r i c  p o t e n t i a l  w e l l  i s  c r e a t e d  a l o n g  
t h e  z o r  ax iaq d i r e c t i o n .  T h i s  causes a r e p u l s i v e  p o t e n t i a l  i n  t h e  x - y p l a n e  wh ich  can be overcome by  
super imposing a s t a t i c  magnet ic  f i e l d  a l o n g  z (8=Bo2). For  a s i n g l e  i o n  i n  t h e  t r a p  ( o r  n e g l e c t i n g  space 
charge)  t h e  equat ions  o f  mot ion  a r e  
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Thus t h e  mot ion  o f  a s i n g l e  i o n  i n  t h e  t r a p  i s  composed o f  a harmonic o s c i l l a t i o n  a long z and a 
s u p e r p o s i t i o n  o f  two c i r c u l a r  mot ions i n  t h e  x-y  p l a n e  a t  t h e  s h i f t e d  c y c l o t r o n  ( w ' )  and magnetron (w,) 
f r e q u e n c i e s .  o f  
t h e  i o n s  f rom t h e  express ion:  

From t h e  3 o s c i l l a t i o n  f requenc ies  we can d e r i v e  t h e  f r e e  space c y c l & r o n  frequency w 
C 

T y p i c a l  exper imenta l  parameters a r e  such t h a t  E E l T ,  U I l V ,  r =,/2 z Z 1 cm. Atomic i o n s  can u s u a l l y  
be loaded by  d i r e c t l y  i o n i z i n g  t h e  p a r e n t  n e u t r i l  atom % i t h  an eqectronObeam which i s  e x t e r n a l l y  i n j e c t e d  
t h r o u g h  t h e  t r a p .  

Microwave and r f / o p t i c a l  double resonance exper iments on l a s e r  c o o l e d  i o n s  

The p r i n c i p l e  p f  t5ese exper iments i s  perhaps b e s t  i l l u s t r a t e d  by an e a r l y  exper iment  on 24Mg+ i o n s . 5  
Smal l  c l o u d s  ( l o 2 -  N - lo4; c l o u d  d iameter  -200pm t o  -1mm) o f  Mg+ i o n s  a r e  s t o r e d  i n  a t r a p .  The con- 
f i n i n g  a x i a l  (z )  magnetic f i e l d  (B0=0.978 T) s p l i t s  t h e  24Mg+ energy l e v e l s ,  as shown i n  t h e  i n s e t  i n  
F i g u r e  2. 
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F i g u r e  2. Microwave/Opt ica l  double resonance spect rum o f  24Mg+. 
I n s e t  shows r e l e v a n t  energy l e v e l s  and microwave and 
o p t i c a l  pumping t r a n s i t i o n s .  

L i g h t  (-5 IJ W focused t o  a s p o t  d iameter  zl00pm; A 2 8 0  nm) f rom a f requency-doubled dye l a s e r  i n c i d e n t  
a l o n g  t h e  x a x i s  and p o l a r i z e d  i n  t h e  y d i r e c t i o n  i s  tuned t o  t h e  (3p 2P3/'2 MJ = -1/2) t r a n s i t i o n  f requency.  T h i s  r e p o p d ' a t i o n  
pumping can be e x p l a i n e d  as f o l l o w s :  I o n s  i n  t h e  MJ = +1/2 ground s t a t e  a r e  d r i v e n  weakly  i n  t h e  wings o f  
t h e  (-1/2) + (+1/2) t r a n s i t i o n  (we denote t h e  e x c i t e d  and ground s t a t e  MJ va lues  by t h e  numbers i n  t h e  
f i r s t  and second parentheses,  r e s p e c t i v e l y ) .  On re -emiss ion ,  t h e  i o n  decays w i t h  2/3 p r o b a b i l i t y  t o  t h e  
(-1/2) ground s t a t e ,  which tends t o  p o p u l a t e  t h i s  s t a t e .  Once i n  t h e  ( - 1 / 2 )  ground s t a t e ,  t h e  i o n  i s  
d r i v e n  w i t h  h i g h  p r o b a b i l i t y  t o  t h e  ( - 3 / 2 )  e x c i t e d  s t a t e ,  f rom which i t  can o n l y  decay t o  t h e  (-1/2) 
ground s t a t e  l e v e l .  Depopu la t ion  o f  t h e  ( -1 /2)  ground s t a t e  can occur  because we a r e  pumping i n  t h e  wings 
o f  t h e  (+1/2) (-1/2) t r a n s i t i o n .  Even though t h i s  t r a n s i t i o n  f requency i s  about  36 .6  GHz away f rom t h e  
l a s e r  f requency,  i t  i s  d r i v e n  a t  a r a t e  t h a t  f a r  exceeds t h e  n o n r a d i a t i v e  r e l a x a t i o n  r a t e  i n  t h e  ground 
s t a t e .  However, t h e  ( -1 /2)  (+1/2) t r a n s i t i o n  f requency i s  o n l y  about  9.15 GHz away f rom t h e  l a s e r  
f requency,  

MJ = - 3 / 2 )  f-f (3s 2S> 
T h i s  pumps t h e  i o n s  i n t o  t h e  MJ = -1/2 grouhd s t a t e .  
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and t h e r e f o r e  f rom a s imp le  r a t e  e q u a t i o n  a n a l y s i s ,  we shou ld  expec t  t h e  p o p u l a t i o n  i n  t h e  (-1/2) ground 
s t a t e  t o  be about  16  t imes l a r g e r  t h a n  t h a t  i n  t h e  ( + 1 / 2 )  ground s t a t e .  

I f  we now d r i v e  a h igh-Q t r a n s i t i o n  (here  c a l l e d  a c l o c k  t r a n s i t i o n ) ,  which has as i t s  ground s t a t e  t h e  
same repopu la ted  l e v e l  f rom t h e l o p t i c a l  pumping descr ibed above, t h i s  l e v e l  w i l l  be d e p l e t e d  and t h e  
t r a n s i t i o n  w i l l  be i n d i c a t e d  by a decrease i n  t h e  f luorescence s c a t t e r i n g  f rom t h e  o p t i c a l  pumping 
t r a n s i t i o n .  T h i s  s imp le  double-resonance p r i n c i p l e  i s  i l l u s t r a t e d  i n  our  exper iments,  i n  which t h e  c l o c k  
t r a n s i t i o n  i s  represented  by t h e  ground-s ta te  Zeeman t r a n s i t i o n  ( F i g .  2). I n  these exper iments,  we 
observed t h e  backscat te red  l i g h t  i n  an f / 4  cone; t h e  n e t  c o l l e c t i o n  e f f i c i e n c y  was 3 ~ 1 0 - ~ .  The poor  
r e s o l u t i o n  i n  t h i s  exper iment  i s  due t o  poor  m a g n e t i c - f i e l d  s t a b i l i z a t i o n ,  t h a t  i s ,  t h e  f i e l d  f l u c t u a t e s  
about  10 ppm i n  about  1s.  We n o t e  however, t h a t  i n  s p i t e  o f  t h e  low i o n  numbers and poor  c o l l e c t i o n  
e f f i c i e n c y ,  i t  i s  p o s s i b l e  t o  achieve adequate s i g n a l  t o  n o i s e  because i t  i s  p o s s i b l e  t o  s c a t t e r  many 
o p t i c a l  photons ( o r  observe t h e  absence o f  s c a t t e r i n g )  f o r  each microwave photon absorbed. I n  these 
exper iments t h e  a b s o r p t i o n  o f  one inicrowave photon r e s u l t e d  i n  t h e  absence o f  l o 6  s c a t t e r e d  o p t i c a l  
photons g i v i n g  a quantum enhancement f a c t o r  o f  l o 6 .  

I n  these exper iments we a r e  a l s o  a b l e  t o  reduce t h e  k i n e t i c  energy o f  t h e  i o n s  by a process c a l l e d  
l a s e r  c o o l i n g  o r  o p t i c a l  s ideband c o o l i n g .  T h i s  i s  i m p o r t a n t  i n  v e r y  h i g h  r e s o l u t i o n  work where r e s i d u a l  
f i r s t  o r d e r  and second o r d e r  Doppler  e f f e c t s  can cause sys temat ic  s h i f t s  i n  spec t ra .  Laser c o o l i n g  i s  a 
method by which a beam o f  l i g h t  can be used t o  damp t h e  v e l o c i t y  o f  an atom o r  i o n .  The b a s i c  mechanism 
f o r  c o o l i n g  o f  a t rapped i o n  by a l a s e r  beam tuned s l i g h t l y  lower  i n  f requency than a s t r o n g l y  a l l o w e d  
resonance t r a n s i t i o n  i s  as f o l l o w s :  when t h e  v e l o c i t y  o f  t h e  i o n  i s  d i r e c t e d  a g a i n s t  t h e  l a s e r  beam, t h e  
l i g h t  f requency i n  t h e  i o n ' s  fr-ame i s  Doppler  s h i f t e d  c l o s e r  t o  resonance so  t h a t  t h e  l i g h t  s c a t t e r i n g  
takes  p l a c e  a t  a h i g h e r  r a t e  than when t h e  v e l o c i t y  i s  a long t h e  l a s e r  beam. Since t h e  photons a r e  
r e e m i t t e d  i n  random d i r e c t i o n s ,  t h e  n e t  e f f e c t ,  over  a mot iona l  c y c l e ,  i s  t o  damp t h e  i o n ' s  v e l o c i t y ,  due 
t o  a b s o r p t i o n  o f  photon momentum. I f  t h e  l a s e r  f requency i s  tuned above resonance, i t  causes heat ing .  
The e f f e c t s  o f  f requency de tun ing ,  o r i e n t a t i o n ,  and i n t e n s i t y  p r o f i l e  o f  t h e  l a s e r  beam on l a s e r  c o o l i n g  o f  
an i o n  i n  a Penning t r a p  have been c a l c u l a t e d c .  I n  these exper iments,  l a s e r  c o o l i n g  and o p t i c a l  pumping 
a r e  o b t a i n e d  w i t h  t h e  same l a s e r  beam. 

These same b a s i c  techniques have now been a p p l i e d  t o  h i g h  r e s o l u t i o n  r f / o p t i c a l  double resonance 
exper iments which measure n u c l e a r  s p i n  f l i p  h y p e r f i n e  t r a n s i t i o n s .  F i g u r e  3 sh,ows t h e  ground s t a t e  
(MI, MJ) = ( -3 /2 ,1 /2 )  (-$,$) h y p e r f i n e  resonance ob ta ined on a smal l  c l o u d  o f  25Mg i o n s . 7  The 
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F i g u r e  3. 25Mg+ h y p e r f i n e  resonance. 
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o s c i l l a t o r y  l i n e s h a p e  r e s u l t s  f rom t h e  use o f  t h e  Ramsey separated o s c i l l a t o r y  f i e l d  techn ique,  a p p l i e d  i n  
t h e  t i m e  domain. Two coherent  1.02 s rf pu lses  separated by 41.4 s were used t o  d r i v e  t h e  t r a n s i t i o n .  
T h i s  resonance demonstrates the  l o n g  r e l a x a t i o n  t imes p o s s i b l e  w i t h  s t o r e d  i ons .  L i n e  broadening due t o  
magnet ic  f i e l d  v a r i a t i o n s  was e l i m i n a t e d  by o p e r a t i n g  t h e  t r a p  near a magnet ic  f i e l d  a t  which t h e  
d e r i v a t i v e  o f  t h e  t r a n s i t i o n  f requency w i t h  r e s p e c t  t o  f i e l d  i s  zero.  L i g h t  s h i f t s  were avo ided by 
t u r n i n g  t h e  l a s e r  o f f  d u r i n g  t h e  43.44 s r f  p e r i o d .  

An rf o s c i l l a t o r  has been l o c k e d  t o  t h e  (-3/2,1/2) ++ (-4,Q t r a n s i t i o n  i n  9Be+ i ons  t o  i l l u s t r a t e  t h e  
p o t e n t i a l  o f  s t o r e d  i ons  as a f requency standard8. S t a b i l i t i e s  comparable t o  those o f  a commercial cesium 
c l o c k  were o b t a i n e d  and sys temat ic  f requency s h i f t s  were determined t o  be below one p a r t  i n  The 
p r e s e n t  b e s t  f requency s tandard  i s  based on t h e  ground s t a t e  h y p e r f i n e  t r a n s i t i o n  i n  n e u t r a l  cesium and 
has a$ i naccuracy  s l i g h t l y  l e s s  than 1 p a r t  i n  E ~ e n t u a l l y , ~  t h e  ground s t a t e  h y p e r f i n e  t r a n s i t i o n  
i n  Hg ions  m i g h t  be used t o  o b t a i n  a f requency s tandard  w i t h  inaccuracy  l e s s  than 1 p a r t  i n  

S i n g l e  i o n  d e t e c t i o n  

The extreme s e n s i t i v i t y  o f  t h e  f luorescence techn iques  i s  i l l u s t r a t e d  by t h e  a b i l i t y  t o  d e t e c t  s i n g l e  
i o n s  as shown i n  F i g u r e  4. 
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F i g u r e  4. F luorescence vs. t i m e  f rom a smal l  group o f  24Mg+ 
ions. 
i n d i v i d u a l  i o n s  by charge exchange w i t h  25Mg. 

The t h r e e  l a r g e  steps a r e  due t o  the  l o s s  o f  

The f o u r  p l a t e a u s  a r e  due t o  t h e  presence i n  t h e  t r a p  o f  t h r e e ,  t w o ,  one, and zero  24Mg+ ions ,  which were 
n e u t r a l i z e d ,  one by one, by 25Mg atoms coming f rom an oven lo .  S i m i l a r  exper iments have a l s o  been 
per fo rmed a t  H e i d e l b e r g l l  and t h e  U n i v e r s i t y  o f  Washington12. I n  t h e  H e i d e l b e r g  exper iments s i n g l e  c o l d  
i o n s  were a c t u a l l y  p h o t o g r a p h e d l l .  T h i s  a b i l i t y  t o  d e t e c t  s i n g l e  i ons  i s  n o t  s u r p r i s i n g  when one r e a l i z e s  
t h a t  an i n d i v i d u a l  i o n  can s c a t t e r  photons a t  n e a r l y  h a l f  t h e  spontaneous decay r a t e  (107/s - 108/s) when 
t h e  l a s e r  beam i s  o f  s a t u r a t i n g  i n t e n s i t y .  

Mass spect roscopy 

The p o s s i b i l i t y  o f  p e r f o r m i n g  h i g h  r e s o l u t i o n  mass spect roscopy i n  a Penning t r a p  has been r e a l i z e d  f o r  
some t ime.  A t  p r e s e n t ,  t h e  b e s t  exper iment  compares t h e  c y c l o t r o n  f requenc ies  o f  e l e c t r o n s  and p r o t o n s  
wh ich  a r e  a l t e r n a t e l y  s t o r e d  i n  t h e  t r a p ;  t h i s  y i e l d s  a d i r e c t  va lue  f o r  t h e  e l e c t r o n - p r o t o n  mass r a t i o 1 3 .  
I n  these exper iments13 t h e  i o n  mot ion  i s  d e t e c t e d  by observ ing  t h e  induced c u r r e n t s  i n  t h e  Penning t r a p  
e l e c t r o d e s .  I n  o u r  exper iment14 we measure t h e  a x i a l  (w ), magnetron (w ), and e l e c t r i c - f i e l d - s h i f t e d  
c y c l o t r o n  (w ' )  f requenc ies  o f  a smal l  c l o u d  o f  a tomic i 6ns  s t o r e d  i n  a 'Benning t r a p  by observ ing  t h e  
changes i n  i o n  f luorescence s c a t t e r i n g  f rom a l a s e r  beam which i s  focused on to  t h e  i o n  c l o u d  as shown 
s c h e m a t i c a l l y  i n  F i g u r e  5. That  i s ,  when the  i o n  mot iona l  f requenc ies  a r e  e x c i t e d  by an e x t e r n a l l y  
a p p l i e d  o s c i l l a t i n g  e l e c t r i c  f i e l d ,  t h e  i o n  o r b i t s  i n c r e a s e  i n  s i z e  caus ing  a decrease i n  l a s e r  
f luorescence due t o  a decrease i n  o v e r l a p  between t h e  i o n  c l o u d  and focused l a s e r  beam. TO a good 
approx imat ion ,  t h e  e l e c t r i c  f i e l d  e x c i t e s  o n l y  t h e  c o l l e c t i v e  c e n t e r  o f  mass modes, whose f requenc ies  a r e  
equal  t o  those o f  a s i n g l e  i s o l a t e d  i o n  i n  t h e  t r a p 1 5 .  By measuring w I ,  w and w i n  t h i s  way, eq. (2 )  
can be used t o  determine t h e  c y c l o t r o n  f requency wc o f  t h e  i o n  i n  th: m a g l e t i c  f f e l d  B . One obvious 
a p p l i c a t i o n  o f  t h e  method i s  t o  measure wc f o r  d i f f e r e n t  ions  i n  the  same magnet ic  f i e l d  2nd thereby  make 
d i r e c t  mass comparisons. 
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F i g u r e  5. A smal l  sample o f  i o n s  i s  c o n f i n e d  by  
s t a t i c  magnet ic  and e l e c t r i c  f i e l d s  
( n o t  shown.) A l a s e r  beam i s  focused 
on to  t h e  sample and t h e  f luorescence 
s c a t t e r i n g  i s  observed. When t h e  
c y c l o t r o n  mot ion  i s  e x c i t e d  by  an 
e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  (Zr f )  
t h e  i o n  o r b i t s  inc rease i n  s i z e  wh ich  
r e s u l t s  i n  a decrease i n  f luorescence 
due t o  a decrease i n  o v e r l a p  between t h e  
l a s e r  beam and i o n  c loud.  

As a demonst ra t ion  o f  t h e  b a s i c  techn ique,  i n  our  exper iments we compared t h e  c y s l o t r o n  f requency o f  9Be+ 
i o n s  t o  t h e  ele+ctron s p j n  f l i p  f requency o f  t h e  o u t e r  e l e c t r o n  i n  t h e  same 9Be ions .  T h i s  y i e l d s d  t h e  
q u a n t i t y  gJ(9Be ) ~ n ( ~ B e  )/me t o  a p r e c i s i o n  o f  0 .15  ppm. From a t h e o r e t i c a l  c a l c u l a t i o n  o f  g (9Be ) and 
an a u x i l i a r y  va lue  o f  ) / m  where m i s  t h e  p r o t o n  mass, we o b t a i n e d  a va lue  o f  m /me 20 0.34 ppm 
l i m i t e d  by t h e  t h e o r e t i c a l  c a l c e l a t i o n .  q h e  p r e c i s i o n  i n  o u r  measurements was l i m i t e d  & magnet ic  f i e l d  
f l u c t u a t i o n s  and r a t h e r  l a r g e  anharmonic terms i n  t h e  e l e c t r i c  p o t e n t i a l .  Us ing a t r a p  w i t h  e l e c t r o d e s  
des igned t o  n u l l  t h e  higherl,frder anharmonic terms, a s i m i l a r  exper iment  done on s i n g l e  i o n s  shou ld  y i e l d  
p r e c i s i a n s  near  1 p a r t  i n  10 

Stud ies  o f  one component plasmas 

. 

I n  our  exper iments,  when space charge can be neg lec ted ,  a c l o u d  o f  i o n s  w i l l  r o t a t e  a t  t h e  f requency wm 
g i v e n  i n  eq. (1). I n  genera l ,  however, space charge cannot  be neg lec ted  and t h e  c l o u d  w i l l  r o t a t e  a t  a 
f requency  u ' g i v e n  by 

where we approx imate t h e  c l o u d  as a u n i f o r m l y  charged e l l i p ~ o i d l ~ , ~ ~ .  The c o n s t a n t  a has a va lue  near  1 
and i s  r e l a t e d  t o  t h e  shape o f  t h e  e l l i p s o i d  and n i s  t h e  i o n  d e n s i t y .  I n  a frame r o t a t i n g  a t  w; t h e  
c l o u d  o f  i o n s  l o o k s  l i k e  i t  i s  embedded i n  a u n i f o r m  background o f  n e g a t i v e  charge w i t h  d e n s i t y  n; 
t h e r e f o r e  t h i s  c l o u d  o f  i o n s  i n  a Penning t r a p  m i g h t  be viewed by a plasma p h y s i c i s t  as a one component 
non n e u t r a l  i o n  p1asmal8, l9 .  

We can probe t h e  p r o p e r t i e s  o f  t h i s  plasma w i t h  t h e  f o l l o w i n g  o p t i c a l / o p t i c a l  double resonance 
f luorescence technique.  T h i s  method+ is  e s s e n t i a l l y  t h e  same as was descr ibed e a r l i e r  t o  measure t h e  
ground s t a t e  Zeeman resonan- i n  24Mg . I n s t e a d  of t h e  microwave o s c i l l a t o r ,  we use a second lower  power, 
focused probe l a s e r  beam i n c i d e n t  i n  t h e  x d i r e c t i o n  and tuned t o  an o p t i c a l  t r a n s i t i o n  ( f o r  example 
2P3/2(MJ = +%) f--f 2S, (MJ = -$)) which depopulates t h e  2Sk(MJ = -%) s t a t e ,  caus ing  a decrease i n  
f luorescence.  The wid& o f  t h e  observed double resonance f lubrescence " d i p s "  can be used t o  determine t h e  
Doppler  broadening o f  t h e  o p t i c a l  t r a n s i t i o n  and t h e r e f o r e  t h e  i o n  temperature.  By moving t h e  probe l a s e r  
beam i n  t h e  y d i r e c t i o n  we can measure u ' f rom t h e  r o t a t i o n  induced f i r s t  o r d e r  Doppler  s h i f t s  o f  the+ 
o p t i c a l  t r a n s i t i o n s ;  f rom eq. 3 we can t h &  d e r i v e  t h e  d e n s i t y  n. 
i o n s  we can determine t h e  plasma c o u p l i n g  c o n s t a n t  r and we measure va lues  as h i g h  as 10. 
o f  Coulomb energy t o  k i n e t i c  energy p e r  p a r t i c l e 2 ' .  
E v e n t u a l l y  i t  may be p o s s i b l e  t o  observe "Wigner c r y s t a l l i z a t i o n " 2 0 ' 2 1  i n  a s i m i l a r  system (r~155). 

From these k i n d s  o f  measurements on Be 
r i s  t h e  r a t i o  

A plasma u s u a l l y  e x h i b i t s  l i q u i d  p r o p e r t i e s  f o r  r-2. 
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